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Abstract: During the past decade, semi-conductor photo sensors have replaced photo multiplier
tubes in numerous applications featuring single-photon resolution, insensitivity to magnetic fields,
higher robustness and enhanced photo detection efficiency at lower operation voltage and lower costs.
This paper presents a measurement of gain, optical crosstalk and dark count rate of 127 Silicon
Photo Multipliers (SiPMs) of type SensL MicroFJ-60035-TSV at nominal bias voltage. In SiPMs,
optical crosstalk can fake higher multiplicities for single-photon hits. This paper demonstrates that
optically coupled light guides reduce this probability significantly. The measured sensors offer a
comparably small variation of their breakdown voltage with temperature of only 21.5mV/K. The
manufacturer specifies a limited range of only ±250mV for their nominal breakdown voltage. This
should allow for operation with small systematic errors without major efforts on temperature-based
bias voltage compensation and without calibration of their individual breakdown voltages. This
paper proves that the gain distribution of the measured sensors is consistent with the data sheet
values.
Keywords: Photon detectors for UV, visible and IR photons (solid-state), Gamma telescopes
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1 Introduction
In many applications, the ability to detect very faint light flashes requires photo sensors with a
high photo detection efficiency and a high level of robustness. Silicon Photo Multipliers (SiPMs)
provide durability, low operation voltage, and robustness against bright light exposure. For instance,
in imaging air-Cherenkov astronomy, SiPMs were initially applied in the First G-APD Cherenkov
Telescope (FACT [1]) as a replacement for classical photo multiplier tubes. The telescope is suc-
cessfully operated now for almost ten years [2]. Its ability to operate even under bright background
illumination, such as moonlight [3], provides an increased duty cycle [2] of almost 30%. The
robustness and stability of the sensors allow for consistent unbiased monitoring of astronomical
sources enabling unprecedented long-term studies (e. g. [4]).
Significant improvement of the photo detection efficiency of SiPMs during the recent decades
have facilitated the construction of compact telescopes with an aperture diameter of only 50 cm [5].
They are also the first imaging air-Cherenkov telescopes utilizing refractive optics based on a Fres-
nel lens in operation. Based on this design, similar telescopes were constructed to achieve hybrid
measurements together with extensive air shower arrays. Hybrid measurements allow resolving
the ambiguity on shower age, intrinsic to air shower arrays, and on shower distance, intrinsic
to telescopes, enabling for inexpensive low-resolution optics. Measurements are on-going with
the IceAct telescope at the IceCube neutrino observatory at the South Pole, for example, for the
improvement of veto capabilities [6], and together with the High Altitude-Water Cherenkov Ob-
servatory (HAWC [7]) in Mexico for calibration and increased sensitivity [8]. Compared with the
original design, these telescopes implement further improvements including solid light guides with
an increased collection efficiency and SiPMs with further enhanced photo detection efficiency. This
study discusses results obtained with two telescopes at the HAWC site: named the HAWC’s Eye
telescopes.
Silicon photo multipliers combine multiple Geiger-mode avalanche photo diodes (G-APD)
into one sensor. Geiger-mode avalanche photo diodes are also commonly known as single-photon
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avalanche diodes (SPAD). A more detailed description of SiPMs is given in [9]. The diodes are op-
erated in Geiger-mode, i. e. above a characteristic voltage, the so-called breakdown voltage. Above
this threshold, impinging photons can trigger electron-hole pairs inducing a self-sustaining particle
cascade. The initiated current causes a voltage drop at the built-in quenching resistor. When the
applied voltage falls below the breakdown voltage, the avalanche is stopped. The released charge
is independent of the number of initial electron-hole pairs and depends only on physical properties
of the diode and the difference between the applied bias voltage and the breakdown voltage. The
charge released by one discharge is commonly referred to as photon equivalent (p. e.). The voltage
difference is known as overvoltage. The released charge is also independent of the energy and angle
of the incident photon. Randomdischarges triggered by thermal excitation are known as dark counts.
The arrangement of hundreds to tens of thousands of G-APD cells in one sensor introduces
additional noise features into the measured signal, such as optical crosstalk and afterpulses. The
probability of afterpulses drops exponentially after the initial breakdown with a decay time compa-
rable to the recharge time of the cell. Their released charge is intrinsically limited by the maximum
charge the cell so that contributions from afterpulses are highly suppressed during the early recharge
phase. In the present study, the effect of afterpulses is neglected because the analysis is based on
charge integration over only a small time window and the total afterpulse probability of recent
sensors is less than a few percent1.
Optical crosstalk is induced by photons emitted during recombination triggering secondary
breakdowns in neighboring cells. The crosstalk probability is defined as the fraction of signals
containing at least one secondary breakdown. A detailed description of different photon paths
relevant to the crosstalk process is given in [11]. A measurement of spatially resolved optical
crosstalk is presented in [12]. Crosstalk is mainly a challenge in cases in which a low number of
photons should be measured accurately. However, for high multiplicities, crosstalk just contributes
to a statistical increase of the signal. Usually, a low crosstalk probability can only be achieved
by a selection of devices specifically built with such characteristics. Modern SiPMs comprise
thin optical trenches that surround the active area of the cells to reduce direct crosstalk between
neighbouring cells [13]. This makes the photons reflected at the protective window the dominant
contribution to the remaining crosstalk.
This study demonstrates that a well-designed light guide that is optically coupled to the protec-
tive window decreases crosstalk probability. If a transparent material with a comparable refractive
index is coupled to the protective window, total reflection is suppressed. The special shape of a
light guide directs the transmitted photons out of its entrance aperture, thus avoiding triggers in
neighboring cells.
1< 5% for SensL MicroFJ-60030-TSV at 5V overvoltage [10]
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2 Hardware
The cameras of the two HAWC’s Eye telescopes feature 64 sensors each. Out of those, 61 sensors
are optically coupled to solid light guides to increase their light collection area. The remaining three
SiPMs ("blind pixels") are used for calibration. Due to transport damage, one of the two cameras
misses one sensor and three light guides. Moreover, one of its light guides remains loosely on the
respective SiPM.
Sensors and Bias Power Supply
The utilized sensors are of type SensL2 MicroFJ-60035-TSV [10] which are operated at an over-
voltage of 5V. Each sensor has an active area of 6.07 × 6.07mm2 and consists of 22 292 G-APD
cells. The sensors achieve a peak photo detection efficiency of 50% at a wavelength of 420 nm
if operated at 6V overvoltage above their nominal breakdown voltage of 24.5V. The data sheet
defines the minimum and maximum breakdown voltage as 24.2V and 24.7V at a temperature of
21 ◦C. This range corresponds to a maximum gain variation of ±5% at 5V overvoltage. It is
expected that the typical sensor-to-sensor variation of breakdown voltages is smaller. The bias
voltage is supplied from a power supply based on the design discussed in [14]. It adjusts the applied
voltage of each sensor individually to compensate for a change of overvoltage with the change of
breakdown voltage with temperature. The temperature sensors provide an absolute precision of
1K without additional calibration. In total, 64 temperature sensors are located on the backside of
the printed circuit board hosting the SiPMs. It can be expected that their temperature matches the
SiPM’s internal temperature with a deviation of not more than 1K. In total, this system provides
a precision of the temperature measurement better than 2K corresponding to a systematic relative
deviation in overvoltage of less than 1% for the given temperature coefficient of 21.5mV/K. After
calibration and without load, each channel of the bias power supply provides a voltage with a
precision of typically 2mV, but not higher than 10mV. Compared to the overvoltage, the precision
of the power supply can therefore be neglected. This yields a total systematic relative uncertainty
of the gain of 5%. The dark count rate is specified to be less than 100 kHz/mm2. Generally, dark
counts allow for determining sensor properties such as the crosstalk probability and the gain. This
helps to characterize and calibrate the SiPMs.
Light Guides
Light guides are often used in SiPM applications to increase their small photosensitive area. They
are particularly common in SiPM cameras to decrease dead space at reduced total costs. In the
camera of the FACT telescopes, solid light guides are successfully applied since 2011 [1, 15].
The required acceptance angle of the applied light guides is usually defined by the numerical
aperture of the imaging optics and by the requirements on the attenuation of stray light. Their exit
aperture is given by the SiPM surface area. These constraints and the acceptance angle of the SiPM
inherently limit their maximum concentration factor, since according to Liouville’s theorem, the
phase-space distribution function is constant along the trajectories of the system. As the refractive
2now OnSemi
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index of thematerial changes the effective path length of the trajectories, themaximumconcentration
factor is proportional to the refractive index n squared, i. e.
A
a
∝ n2 (2.1)
with the entrance aperture A and the exit aperture a. The acceptance angle of the sensor is always
limited by the critical angle for total reflection at the silicon surface.
The light guides of the HAWC’s Eye camera are made of Plexiglas with a refractive index
which is comparable to the one of the protective window of the sensors. The refractive index of the
Plexiglas at 436 nm is 1.50 [16] and for the sensor 1.53 [10]. Each light guide is optically coupled
to its sensor with a very thin layer of optical glue, also of similar refractive index. Their shape was
designed to support an opening angle of 33.7° corresponding to the view of an edge pixel at 60mm
distance from the camera center and a numerical aperture f /D = 502mm / 550mm = 0.9 of the
optical system [17]. This leads to a compression factor of 5.5. With their refractive index of n ≈ 1.5,
they achieve a concentration factor about as twice as largewhen compared to a corresponding hollow
light guide, see also a more detailed discussion in [18].
If the overall performance of solid and hollow light guides is evaluated for the case of an
optimized concentration factor, also reflection and absorption have to be considered: Total reflection
outperforms coated or polished surfaces. Internal absorption for Plexiglas is in the order of 1%/cm
and can be neglected3. If light guides are covered by a protective window which is optically not
coupled, an additional Fresnel loss of about 4% has to be taken into account at each window-air
interface. This is always the case in the application of hollow light guides.
Optimized light guides are designed such that the maximum acceptance angle of the silicon is
exhausted by incoming rays. That means that for each outgoing ray, at least one light path exists
that leads the photon out of the guide. Consequently, optical coupling to a light guide leads to a
reduced probability for these photons to be reflected back into the sensor. Contrary, in case of the
application of non-optimized guides, photons might be internally reflected back to the sensor and
trigger random cells. As direct neighbors might be discharged already by other crosstalk photons,
random cells have a higher probability for being charged and therefore to trigger. Although this
does generally not increase crosstalk probability as it is dominated by the probability to create the
first additional crosstalk trigger, it can result in a relative increase of higher multiplicities.
3 Method
A dark count spectrum is a histogram measuring charge induced from thermal excitation. There-
fore, one records randomly triggered events without ambient light to minimize the background of
impinging photons. Analysing dark count spectra of the photo sensors allows to determine their
characteristics such as gain, crosstalk probability, and recharge time scale of the sensors.
For each telescope, 100 000 events were triggered at a frequency of 80Hz limited only by the
maximum trigger rate of the data acquisition system. The spatial temperature average of the sensors
3Note that absorption in data sheets usually includes the effect of Fresnel reflection at both surfaces.
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of both focal planes was 28 ◦C with a typical spread of less than 1 ◦C. All individual sensors were
stable during data taking within 0.2 ◦C. The channels are read out with the maximum sampling
depth of 1024 samples per channel at a sampling rate of 2Gsample/s. An example of a signal trace
is shown in Figure 1.
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Figure 1: Example of a signal trace. The sampling rate corresponds to 2Gsample/s.
A similar study on dark count spectra has been published by FACT [19], which uses the same
data acquisition system and software as described in [1]. Therefore, the same algorithm to extract
the pulses from the recorded data was adopted. As it is explained in detail there, the approach is
described here only briefly for completeness.
In the first stage, a baseline is determined and subtracted for each channel individually. As
some channels suffer from periodic electronic noise, a sliding average with an adapted length of
10 samples is applied. The resulting trace is scanned for a threshold crossing of 5mV between
two consecutive samples. Then, a local maximum is searched between 5 and 35 samples after the
threshold crossing. The arrival time is defined by the last sample within the 30 samples before the
local maximum with an amplitude that does not fall 50% of the maximum value. Integrating the
raw signal over 30 samples after the arrival time yields the extracted signal.
Since the signals of three pixels in each camera are additionally split to provide an additional
calibration output, their measured signal is attenuated by 18% compared to the other 61 pixels.
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Spectrum Function
The properties of the sensors are extracted from their dark count spectrum. To properly describe the
measured dark count spectrum, one has to account for the probability PN to measure a multiplicity
of N breakdowns induced by the initial breakdown of a single cell as well as noise that smears out
this distribution. In [19] various distribution functions are compared. It is demonstrated that the
best description of the dark count spectra is the modified Erlang distribution with coefficients given
by
PN =
(Nq)N−1
[(N − 1)!]ν with q ≡ p · e
−p . (3.1)
The fit parameter ν originates from the fact that the number of potential crosstalk triggers by each
breakdown is limited by the geometry of the sensor and is usually ν ∼ 1. The parameter p describes
the probability for a breakdown to trigger an additional breakdown in a neighbouring cell and should
not be confused with what is generally referred to as crosstalk probability. The crosstalk probability
can be derived as
pxt =
∞∑
n=2
Pn
∞∑
n=1
Pn
. (3.2)
Two types of noise sources are considered in this analysis. The charge released in each avalanche
undergoes cell-to-cell fluctuations and thus scales with the number of breakdowns. The electronics
noise is independent of the multiplicity. Both types of noise are assumed to be Gaussian. There-
fore, the measured dark count spectrum can be described by a sum of Gaussian distributions for
multiplicity N with width given by,
σN =
√
σ2
el
+ Nσ2pe (3.3)
where σel and σpe are the Gaussian widths for the electronics noise and the amplitude dependent
charge fluctuations respectively. Introducing the gain g and a baseline shift x0, the position of the
mean of each Gaussian and their normalization are defined as
xn = x0 + n · g and an = σn
√
2pi . (3.4)
The resulting distribution can be written as
f (x) = A1 a1 ·
n=∞∑
n=1
Pn
e−
1
2 [ x−xnσn ]2
an
. (3.5)
The parameter A1 denotes the amplitude of the single-p.e. peak. Integration of f (x) over the whole
range of extracted signals results in the total number of dark counts and can be used to calculate the
dark count rate.
For each SiPM, the extracted signals are filled into a histogram. The histogram is then fitted
with a log-likelihood method with the distribution described in Equation 3.5. The resulting offset
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and gain are then used to normalize the signals to their multiplicity N . The offset is generally in
the order of a few percent of the gain and therefore negligible. The 111 SiPMs which are optically
coupled to a light guide and do not suffer a reduced gain are expected to have comparable noise
features. After gain normalization, they are compiled into a single histogram.
0 2 4 6 8 10 12
Normalized charge [p.e.]
100
101
102
103
104
105
106
Co
un
ts
Figure 2: Normalized dark count spectrum compiled from the majority of all SiPMs that are
expected to have identical properties, i. e. which are optically coupled to a light guide and do not
suffer a reduced gain. The red line shows the fit as introduced in Equation 3.5. For a dark count
rate of roughly 53 kHz/mm2, as discussed in Section 4, a multiplicity of 10 yields a rate of only
0.5Hz/mm2 corresponding to a suppression of six orders of magnitude.
The resulting histogram is displayed in Figure 2. By fitting the distribution function described
in Equation 3.5, the exponent ν (see Equation 3.1) is estimated to 0.920 ± 0.003. Since its value
affects the fit mainly at high multiplicities and is intrinsic to the type of SiPM in use, the higher
multiplicities accessible in the combined spectrum allow for a more precise determination of the
exponent ν. It is fixed in the subsequent fits to the individual SiPM spectra.
An example of a fit to the spectrum of two single SiPMs is shown in Figure 3. The fit is used
to determine properties of each pixel individually, including the dark count rate, gain, and crosstalk
probability.
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Figure 3: Dark count spectrum extracted from a single SiPM optically coupled to a light guide
(blue) and a blind pixel without a light guide (red). The grey lines show the fit to the distribution
as introduced in Equation 3.5 with the exponent ν fixed to the value extracted from the compiled
spectrum shown in Figure 2.
4 Results
Gain Distribution. Figure 4 shows the distribution of the gain normalized to the average gain
of all 127 pixels. The distribution has a variance of roughly 3%. All values are within a range
from 92% to 107%. As the breakdown voltage has not been calibrated individually for each
sensor, the width of the distribution is well consistent with systematic deviations coming from the
provided operation range of the manufacturer (± 5%) and the precision of the temperature feedback
system (± 1%).
OpticalCrosstalk. The distribution of the crosstalk probability as evaluated byfitting themodified
Erlang distribution to the measured dark count spectra is depicted in Figure 5. Two distinct classes
of SiPMs corresponding to the SiPMs with and without an optically coupled light guide are visible.
The ten SiPMswithout optically coupled light guides have a larger crosstalk probability as discussed
in section 2.
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Dark Count Rate. The measured dark count rate is consistent for 114 sensors with a log-normal
distribution with a mean of 52.7+3.0−2.8 kHz/mm2. Three sensors show a dark count rate higher by a
factor two. Two of these sensors are located at identical places in their corresponding camera. This
might point to a light leak through nearby screw holes into the lens tube originating from LEDs of
the readout electronics. The location of the third sensor coincides with the missing sensor in the
other. For the applied overvoltage of 5V, the data sheet values for the dark count rate correspond
to about 75 kHz/mm2 at 21 ◦C. The lower measured value is most likely an effect of the applied
method. The comparably long decay times of the pulse of about 80 ns defined by the SiPM’s
recovery time and the electronics, naturally lead to an inefficient pulse detection at the edges of
the readout window. This effect, which is not accounted for in this analysis, eventually reduces the
effective measurement time and therefore the measured dark count rate. Excellent quality of SiPM
production can also not be excluded as a reason, as other laboratory measurements of these sensors
have also shown results at the lower edge of the data sheet values.
5 Conclusions
In this study, the characteristics of 127 SiPM sensors of type SensL MicroFJ-60030-TSV have been
evaluated. This has been done using the cameras of two HAWC’s Eye telescopes applying readout
electronics originally produced for the FACT telescope. Out of these 127 sensors, 117 sensors
are properly coupled to solid optical light guides. The bias power has been provided by a power
supply achieving a precision of 1% that was neglected in this study. The temperature-based
overvoltage stabilization works with a precision corresponding to 1% of the sensors overvoltage
including systematic effects from uncalibrated temperature sensors. For temperature-based voltage
compensation, the temperature coefficient from the data sheet was applied. The maximum range
of allowed breakdown voltages given by the manufacturer corresponds to ±5% for an overvoltage
of 5V. Therefore, the systematic contributions are dominated by the knowledge of the breakdown
voltage.
The measurement of the gain of all 127 sensors showed a maximum deviation from the mean
value of ±7.5% with a variance of only 3%. This is well consistent with the data sheet of the
manufacturer. While in a similar study of the FACT camera, the breakdown voltage for each sensor
had still to be calibrated to achieve a variance of 2.4%, this study intentionally has omitted all
calibrations related to the SiPMs themselves and applied an uncalibrated temperature-based voltage
compensation circuit.
In addition, the crosstalk probability of 117 sensors with, and nine without, optical coupling
to light guides has been investigated. Since with optically coupled light guides, crosstalk photons
that are reflected on the protective window can leave the SiPM, the probability for optical crosstalk
has decreased. A reduction by 31% from an average probability of 26% for the bare sensors to an
average probability of 18% has been confirmed for sensors with an optically coupled light guide.
An additional single light guide shows an unclear status of optical coupling. As its crosstalk value
falls exactly into the distribution of the nine pixels without light-guide, it can be concluded that no
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proper coupling exists for this sensor as well.
Reduction of crosstalk probability was also investigated in a laboratory setup for the solid
light guides used in the FACT telescope while they were coupled to SiPMs of type Hamamatsu
S14520-3050VN. A relative decrease of the optical crosstalk probability by about 29% [20] was
observed. This result confirms the significant reduction demonstrated in this paper. As a different
sensor type and light guides of different geometrical properties were applied, the measured values
can not be compared directly.
The analysis of the performance of the photo sensors installed in the two HAWC’s Eye tele-
scopes confirms the high precision of recent SiPMs. It demonstrates that even for high precision
requirements, the application of data sheet values is sufficient. Apart from a reasonable precise
power supply, no additional calibration is necessary. This study also confirms that coupling the sen-
sors to well-designed light guides reduces optical crosstalk between neighboring cells significantly.
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Figure 4: Distribution of the resulting gain from a fit to the dark count spectrum of each of the
127 SiPMs normalized to the average gain. The gain of the six pixels with a lower electronics
gain has been scaled accordingly. The arrangement in the two cameras shows a homogeneous
distribution. The colors of the histogram bars match the colors of the camera display. The color
scale ranges from purple (low) to yellow (high).
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Figure 5: Distribution of the resulting crosstalk probability from a fit to the dark count spectrum of
each of the 127 SiPMs. Two separated distribution are visible. The locations of the corresponding
pixels in the two cameras coincide exactly with the pixels with and without an optically coupled
light guide. Pixels without coupling are marked in red. The colors of the histogram bars match the
colors of the camera display. The color scale ranges from purple (low) to yellow (high).
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